We have investigated different geometries of two dimensional (2D) infinite length Ni nanowires of increasing width using spin density functional theory calculations. Our simulations demonstrate that the parallelogram motif is the most stable and structures that incorporate the parallelogram motif are more stable as compared to rectangular structures. The wires are conducting and the conductance channels increase with increasing width. The wires have a non-linear behavior in the ballistic anistropic magnetoresistance ratios with respect to the magnetization directions. All 2D nanowires as well as Ni (111) and Ni (100) monolayer investigated are ferromagnetic under the Stoner criterion and exhibit enhanced magnetic moments as compared to bulk Ni and the respective Ni monolayers. The Stoner parameter is seen to depend on the structure and the dimension of the Nws. The easy axis for all nickel nanowires under investigation is observed to be along the wire axis. The double rectangular nanowire exhibits a magnetic anomaly with a smaller magnetic moment when compared to Ni (100) monolayer and is the only structure with an easy axis perpendicular to the wire axis.
I. INTRODUCTION
Magnetism in nanoscale films is an exciting area of research, as their magnetic behavior is different than that observed in bulk. The applications of magnetic materials are mostly determined by the softness or hardness of the magnet. The soft magnets with low coercivities are used for flux guidance in permanent magnets and in transformer cores for high frequency and microwave applications. 1, 2 In hard magnets, knowledge of the easy direction of magnetization and magnetic anisotropy energy is necessary for high density recording devices such as memories and magnetic tapes in audiovisual technology.
1,2 The magnetic properties of materials in the nanoscale regime are quite interesting as they show enhanced magnetic moments due to the reduced coordination, and exhibit magnetic anisotropy due to symmetry breaking.
Nickel is one of the most investigated materials, for its magnetic properties and its applicability in material science. The magnetic properties of bulk nickel, [3] [4] [5] [6] [7] [8] Ni surfaces [9] [10] [11] [12] [13] [14] [15] and layers 11, [16] [17] [18] [19] [20] have been investigated in great detail. Single atom linear chains and zigzag nanowires (Nws) of Ni have been studied earlier for their stability. 1, 4, [21] [22] [23] [24] [25] [26] [27] The investigations by Tung et al., on the magnetic properties of all 3d transition elements have found that in Ni the linear and zigzag wires are ferromagnetic. In a recent work, Zelený et al., 21 have investigated systematically the variation in structural and magnetic properties of one dimensional nanowires, two dimensional strips and three dimensional rods, under compression. The compressed two dimensional (2D) Ni nanowires have a ferromagnetic ground state, because of magnetic shape anisotropy 1, 21 . This result contradicts the work of Mermin-Wagner 28 , which showed that, one and two dimensional structures cannot exhibit ferromagnetic or antiferromagnetic behavior, under the isotropic Heisenberg model. Clearly, the magnetic anisotropy plays a crucial role which needs to be understood and investigated for a fundamental understanding of the magnetic behavior and its dependence on the structure. The magnetic anisotropy in low dimensional chains is seen to exhibit significantly different behavior than bulk.
1 The results for linear (viz., V, Cr and Fe) as well as zigzag (Cr, Mn and Co) transition metal chains show that these systems show stable axial magnetic anisotropy energy, with large magnitude in comparison with that of bulk. It was also observed that, the magnetic anisotropy energy especially, shape anisotropy energy was sensitive to the atomic arrangement of the nanowires even in low dimension. These results highlight the strong impact of magnetic anisotropy energy on the magnetic ground state of low dimensional material. Nanowires with very strong magnetic anisotropy with the magnetic moments in the ferromagnetic order have potential applications in ultra-high density magnetic memories and storage devices. Hence, the relationship between magnetic anisotropy energy and the geometrical structure of the atomic chains with gradually varying atomic width will be interesting for basic understanding as well as for specific applications in devices. This kind of an investigation is not available either theoretically or experimentally for 2D nanostrips. In addition to the magnetic ground state, the magnetic anisotropy and hence the direction of the magnetic moments has a significant effect on the ballistic conductance in magnetic nanowires. The experimentally observed ballistic conductance in linear Ni Nws was successfully explained by considering the magnetic domain formation over uniform magnetic moments. 24, 25, [29] [30] [31] [32] [33] The exact effect of orientation of the magnetic moment with respect to the current direction on the ballistic conductance in the linear Ni Nw was demonstrated by Velev et al, 34 and it was found that changing the direction of the magnetic moment either perpendicular or parallel to the current direction enhances the ballistic conductance upto 14%. Hence, it will be very interesting to investigate the effect of the direction of the magnetic moment on the ballistic conductance of the nanowires with reduced symmetry and larger widths than the linear nanowire.
In the present paper, we have investigated the magnetic and electronic properties of nickel nanowires as their structure varies from a linear chain to two dimensional nanostrips of increasing widths. Besides their stability, we have investigated the effect of the geometrical structure on their magnetic properties. We confirm the ferromagnetic ground state of Ni Nw structures based on Stoner's criterion. We have studied systematically the the effect of geometrical structure on the spin dependent ballistic conductance. We observe a structure dependence on the value of the Stoner's integral which is so far known to be a constant for a particular material. The structure of the paper is as follows: Section II gives an overview of computational parameters and methods used. The results on the stability, electronic structure, conductance, magnetic properties and magnetic transition are discussed under Sec. III which is followed by a summary of the work in Sec. IV.
II. COMPUTATIONAL DETAILS
We have performed total energy calculations based on ab initio spin density functional theory (DFT) as implemented in the Vienna ab initio Simulation Package(VASP) [35] [36] [37] . The Projector Augmented Wave method (PAW) 38 and the Generalized Gradient Approximation (GGA) 39 have been used to describe the electronion interactions and the exchange correlation interactions. The details of modeling of such nanowires and the calculation of the binding energy have been described earlier for gold. 40 The geometry optimization and the electronic band structure calculations are performed without the scalar relativistic effects, as the investigations on 3d transition metals have demonstrated that the spin orbit coupling energy is approximately 3 times smaller than the exchange splitting in bulk Ni, 9 and hence can be neglected.
The magnetic anisotropy in a magnetic material has contributions from magnetocrystalline anisotropy and magnetic shape anisotropy. In bulk Ni, the shape anisotropy energy does not contribute and the only contribution is from the magnetocrystalline anisotropy. However, in 1D wires and 2D strips, the reduced symmetry of the system gives non-zero contributions to the shape (magnetostatic) anisotropy. The magnetic shape anisotropy is computed based on the magnetic dipolar energy, resulting from the interactions of the magnetic moments with each other. It is given by
where, m i and m j are the magnetic moments at the ionic positions r i and r j . The vector r ij is defined as |r i -r j |. The magnetic dipolar energy ε d is a long range interaction, hence the value of ε d has been converged over the length of the nanowire by using supercell. The dipolar energy is sensitive to the orientation of the magnetic moments, hence we define magnetic shape anisotropy (MSA) as, K
and εẑ d are the classical dipole-dipole interaction energy terms, when the magnetic moments are aligned alongx,ŷ and z direction.
For the calculation of the magneto-crystalline anisotropy energy (MCA), we have done self consistent calculations by including the spin orbit coupling and with the magnetization direction oriented along one of the Cartesian axes. We have used the total energy difference method for the calculation of the anisotropy energy (MCA) due to the orientation of the magnetization along the different directions. We have defined K c 1 = Eŷ-Ex, and K c 2 =Eŷ-Eẑ, where,x is the periodic wire direction,ŷ is the perpendicular direction in the plane of the wire andẑ is perpendicular to both the wire axis and the wire plane. The total magnetic anisotropy (MAE) is calculated as, (2) . In order to understand the electronic and conduction properties of the nanowires, we have performed band structure analysis as described by Kashid et al. 40 The conducting properties of nickel nanowires are investigated based on the Landuaer-Büttiker formalism, 41 using the method of plane waves. 42, 43 For ideal infinite length nanostrips, the ballistic conductance (G) can be written as,
where, (2e 2 /h) represents the quantization unit of conductance, in the case of spin degeneracy. The term N (E) shows the number of conductance channels, and it is explicitly calculated by counting the number of bands crossing the Fermi energy E F ). For ferromagnetic nanowire,
(e) Quintuple row the conductance is expected to exhibit spin dependence, where spin up (↑) and spin down (↓) electrons contribute independently to the number of conductance channels.
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Hence Eq. 2 can be modified for ferromagnetic nanowires as,
where, N ↑(↓) (E) is the number of spin up (down) bands at the Fermi energy. The effect of spin orbit coupling (SOC) on the conduction in Ni Nws has been investigated based on the ballistic anisotropic magnetoresistance (BAM R) computation described by Velev et al. 34 We have calculated the percentage BAM R as,
where N ⊥ is the total number of conducting channels, when the magnetization is perpendicular to the current direction (axial direction) and N is the number of conducting channels, when the magnetization is parallel to the axial direction. The two anisotropic magnetization directions viz.,ŷ andẑ that are perpendicular to the current direction (x) give different percentage BAMR denoted by A (B), respectively.
We have used the Stoner's model of ferromagnetism to determine the appearance of ferromagnetic ground state in Ni Nws. The product satisfying I · n • E F > 1 defines the system as ferromagnetic, where I is the Stoner exchange parameter, obtained from ∆ ex = Im. The ∆ ex defines the exchange splitting between majority and minority spin electrons due to magnetization, and is calculated directly from the total density of states (DOS) of nickel nanowires. The quantity m denotes the magnetic moment per atom, whereas n • E F denotes the normalized DOS (DOS per atom per spin) at the Fermi energy (E F ) of the nonmagnetic calculation.
III. RESULTS AND DISCUSSION

A. Structure and stability
We have investigated different geometries of Ni nanostrips of widths upto 1 nm approximately. Figure 1 shows the optimized geometries of nickel nanowires arranged according to increasing number of rows. In each row, the structures are arranged in the ascending order of stability. The bond lengths between nickel atoms in the unit cell of each nanowire are displayed in Fig. 1 . Linear Ni nanowire (Fig. 1a(i) ) has been investigated earlier in detail 1, 8, 25, 29, 31, 44, 45 and we report it for comparison with the magnetic properties of increasing width nanostrips. Our bond length of 2.17Å is in good agreement with the calculations of Zelený et al. 21 Like gold Nws, infinite length linear Ni nanowire does not exhibit dimerization in bond lengths. 40 In the double row Nws, nickel forms either rectangular or parallelogram structure. Our investigations show that, unlike gold nanowires (GNWs), Ni Nws show a single minima in the double row parallelogram structure, which consists of all acute angle triangles. The double row parallelogram and rectangular structure form the basic building blocks for all subsequent higher row structures. The important difference between GNWs and Ni Nws is that, the metastable structures like zigzag (ZZ), hexagonal (HX), double zigzag (DZZ) in GNWs are not observed in Ni Nws. The optimization of these structures leads to more stable PR-1 and HX structure (that is formed of a rectangular structure sandwiched between two parallelogram structures). In the present work, we have investigated additional structures like HX-T1 and HX-T2 ( Fig. 1e(iii) and Fig. 1e (iv) respectively), which are formed by different combinations of rectangular and parallelogram structures. HX-T1 consists of an alternate parallelogram and rectangular row of Ni atoms along the Y direction, whereas, in the HX-T2 case, the topmost rectangular row is replaced by a parallelogram row. These additional structures assist to understand that, the stability in Ni NWs is strongly dependent on the geometrical arrangement of Ni atoms. All rectangular nanowires show a bond length of 2.25 A along the periodic direction except for RT-2 structure which has a 2.26Å bond length. The parallelogram nanowires have slightly enhanced bond lengths of 2.30 A for PR-1, PR-2, 2.33Å for PR-3, PR-4, and 2.34 A for PR-5 structure, in comparison with that of rectangular nanowires. These bond lengths are converging to 2.26Å and 2.36Å, respectively−the single layered limit for Ni (100) and Ni (111) films. The rectangular and parallelogram nanowires show dimerization in bond lengths along the nonperiodic direction, similar to that observed in GNWs. 40 The dimerization in bondlengths is observed for nanowire structures made up of 4 or more rows of nickel atoms and it is symmetric from the center of the structure along the nonperiodic Y direction. Figure 2 shows the plot of the calculated binding energies per atom as a function of number of rows, for each nanowire investigated. In general, as the width of the nanostrips increases the stability of the structures increases. The parallelogram shaped nanowires are the most stable structures within a particular number of rows. Nanowires formed via a combination of parallelogram and rectangular motifs are stable over pure rectangular shaped structures. The energy difference between rectangular shaped and parallelogram shaped structures, is small at smaller widths, however, the difference increases with an increase in the width. Our calculations show that a single layer parallelogram film is more stable than rectangular film by 0.34 eV/atom. This increase in the energy difference between rectangular and parallelogram nanowires with increasing number of rows was observed previously in the case of GNWs. 40 The energy difference between rhombus and rectangular wires is large for 3 rows, however, the difference reduces with increasing number of rows and crossover in stability is observed at 6 rows. The rhombus structure and rectangular structures are the least stable. The structures that incorporate parallelograms are energetically more preferred. The HX-T2 structure with more rows of parallelograms is stable over HX-T1 structure. The binding energies of the rectangular and parallelogram shaped nanowires are converging to their calculated single layered film limit of -3.34 eV/atom and -3.68 eV/atom, respectively.
In order to understand the stability of the nanowires, we have calculated the average number of nearest neighbors in each structure and listed them as bonding factor in Table-I , along with the number of rows and the width of the structure. The higher stability of parallelogram Nws in any row can be attributed to their higher bonding factor (or largest number of nearest neighbors) in comparison with the other structures that have the same number of rows. In addition, we have also analyzed the decomposition of total charge in the parallelogram and rectangular structures and listed their l -projected components in Table II Fig. 1 . It is observed that the least coordinated linear structure has the least amount of charge in p orbitals as compared to that in all the higher width Nws. Adding one row of Ni atoms to the linear wire structure, increases the electron occupation in p orbitals of the terminal atoms to 0.08 and 0.10 for the rectangular and parallelogram Nws, respectively. For all the Nws with number of rows ≥ 3, the increased coordination of the 'I' and 'C' kind of atoms enhances the p orbital occupancy. In the rectangular shaped nanowires with 5 and 6 rows of atoms, the central atoms loose some of their p charge to the interstitial region, thus reducing the total charge of the 'C' atoms. Interestingly, the 'I' atoms of 5 and 6 row rectangular atoms show more total charge than 'T' and 'C' atoms. The 'C' atoms of 5 and 6 row loose more charge to the vacuum in comparison with 'I' atom, although both have the same coordination, unlike that of the parallelogram Nws of the same number of rows. In parallelogram Nws, only the terminal row atoms are affected by the metal-vacuum interface in the XY-plane and all sub-terminal atoms ('I' and 'C' type) have essentially unchanged total charge. This reduction in p charge of the 'T' atoms at the metal vacuum interface of two dimensional films is analogous to the loss of p charge by the surface atoms observed by Wimmer et al. for a 7 layer slab of Ni (001). 9 Our results demonstrate that the metal vacuum interface has the largest effect on the p orbital electron distribution. Increase in total charge on an atom in parallelogram Nws is because of the increase in p contribution. This increase in total charge as compared to that of rectangular Nws enhances the stability of parallelogram Nws. We believe this stability preference will be retained in nanowires deposited on surface.
B. Electronic structure and conductance
We have calculated the spin-dependent electronic energy band structure (BS) and density of states (DOS) of all the nanowires to study their electronic and conducting properties. As the number of rows in the Nws is increased, the d states are increasingly delocalized leading to an increase in the stability of the nanowires of increasing widths. In all the Nws investigated here, the 3d, 4s and 4p states hybridize, so that all the spin up states are filled, while the spin down states are left un- In rectangular nanowires as the number of rows is increased, the d x 2 −y 2 states extend beyond the Fermi energy leaving them increasingly unfilled. As the number of rows in parallelogram nanowires is increased, the d xy orbitals become more delocalized and their contribution to the spin up states increases. Our analysis from the partial DOS reveals that this increased contribution is from the atoms in the inner rows of the Nw structure. The terminal rows of atoms do not give significant contribution from the d xy orbital. As the coordination of the atoms in the nanowires increases with increasing widths, the p x and p y orbitals give enhanced contributions in spin up bands, which assists to increase the stability of the nanowires. On the other hand, in the spin down energy band structures, all the d orbitals show dominant contributions along with the s orbital at the Fermi level. The hybridized spin down energy levels have less contributions from the p electrons.
The conductance in nickel nanowires was calculated using Landauer formula 41 (Eq. 2 and Eq. 3). Our calculated values of conductance in all nickel nanowire are listed in Table I 
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All rectangular nanowires show a consistent increment in the total number of (spin up and spin down) conduction channels with an increase in the width of the nanowires. However, the parallelogram Nws show a very small increase in total number of conduction channels as the width increases. It must be noted that in all Nws, there is not a significant increment in the number of spin up channels as the number of rows is increased, however, there is a large enhancement in the number of spin down conduction channels. In agreement with earlier calculations, 24 the charge carriers in spin up conductance channels are mainly s type and in spin down conductance channels the charge carriers are mostly d type with minor contributions from s type.
C. Magnetic Properties
Magnetic moment
Earlier studies on Ni surfaces have shown that (111) films of > 3 layers are ferromagnetic, whereas films of < 3 layers show a paramagnetic behavior. 46, 47 This raises an interesting question, what is the effect of the width and structure of single layered nanostrips on their magnetic properties? With this aim, we have investigated the magnetic properties of Ni Nws and compared them with Ni monolayers. The calculated magnetic moments of the Nws are listed in Table I . As expected, in nanostructures with reduced coordination, all Nws have enhanced magnetic moments in comparison with that of the bulk. The linear wire with the least coordination has the largest magnetic moment and the magnetic moments decrease with minor fluctuations as the widths of the nanostrips increase. A comparison of the magnetic moments of the rectangular and parallelogram shaped wires is plotted in Fig. 3 , and it shows that the magnetic behavior of these wires is considerably different. In the rectangular wires, the magnetic moments initially decrease and then increase again. Interestingly, the triple row RT-2 structure, has a magnetic moment of 0.81 µ B /atom, which is less than the magnetic moments of other higher row rectangular structures as well as that of the Ni (100) monolayer. Our calculated magnetization of 0.83 µ B /atom for a (100) monolayer film, is in good agreement with 0.86 µ B /atom of (100) monolayer. 10 The magnetic behavior of RT-2 is unusual when compared to the observation that magnetic moments increase as the atomic coordination decreases. We find that the "magic structure" RT-2 has an uncommon behavior in all the magnetic aspects analyzed. The parallelogram shaped wires exhibit an initial sharp decrease and then the magnetic moments decrease very gradually with small fluctuations. The six row parallelogram structure (PR-5) has a magnetization of 0.85 µ B /atom, which is larger than the calculated (111) film value of 0.79 µ B /atom. Our calculated bulk magnetization value of 0.62 µ B /atom is in good agreement with the earlier reports.
10,16,17,48
The values of decomposed magnetic moments for all symmetric atoms (described as 'T', 'I' and 'C' in the previous subsection) in rectangular and parallelogram Nws are listed in Table- III. As expected for magnetic systems, the difference in the contributions from spin up d orbitals and the spin down d orbitals, gives rise to the spin imbalance in Nws. However, the spin imbalance in the Nws is also dictated by the polarization of s and p orbitals and their contributions in addition to that of the contributions of the d orbitals. The variations in the magnetic moments (Table-I ) of the Nw structures investigated arise from the amount of slightly negative polarization of delocalized s and/or p orbitals which is listed in Table-III. Linear Nw has the largest spin imbalance in s and d orbitals amongst the 2D structures we investigated, and this accounts for its large net magnetization. We notice that, all rectangular nanowires show a small negative p polarization. The unusual magnetic behavior of RT-2 is on account of it being the only rectangular Nw with a negative s polarization in addition to the negative p polarization. The contributions from the d orbitals decrease until the 3 row "magic structure" and then increase again as the number of rows in the Nws are increased. Hence, the magnetic moments show an initial decrease and then increase again as the number of rows is increased, in rectangular nanowires. The increased coordination of the 'C' type of atoms with an increase in the number of rows, reduces their magnetic moments. Increment in the coordination saturates slowly as the number of rows is increased, and hence magnetization values converge slowly to their single film limit.
The parallelogram Nws with > 2 rows of atoms, show negative polarization in the s and p orbitals of atoms in the non terminal rows. The amount of the negative polarization in the Nws is symmetric about the center of the nanowire and decreases slightly as the number of rows is increased. The d contributions do not change as the number of rows is increased and hence the total magnetic moment of atoms in parallelogram shaped wires decreases with an increase in the number of rows of atoms. Although, the negative polarization of s and p orbitals is significantly smaller in value, in comparison with the positive polarization of d orbitals, it plays a significant role in the magnetic behavior of the parallelogram Nws. The increased coordination of 'I' and 'C' type of atoms leads to a decrease in the charge differences in majority and minority spins, thus, reducing their magnetic moments. In addition, the negative s and p polarization of the 'I' and 'C' ( Table-III Table-III) . This enhances the net magnetic moment of atoms in rectangular nanowires in comparison with parallelogram Nws.
In RT-2 Nw, the 'C' atom, besides being more coordinated than 'T' atom, gives large spin imbalance due to d states. This spin imbalance due to d states in RT-2 Nw enhances the net magnetic moment of the atoms belonging to the central row. This is the only structure, whose terminal atoms show reduced magnetic moments in comparison with the magnetic moment of the central atom. This reduction is similar to the reduction in the magnetic moments of surface atoms reported earlier for Ni (001) multilayer slabs, with existence of "magnetically dead layers". 49 In RT-2 structure, the resultant magnetic moment due to 'C' and 'T' atoms gives large dip in the magnetization curve (plotted in Fig. 3 ). The spin density (not shown here) of the terminal row atoms have significant contribution than that of intermediate and central row atoms, because of spin imbalance due to low coordination. The spin density distribution is symmetric in theŷ direction for parallelogram, rectangular and centered hexagonal structures. As the number of rows in the parallelogram Nws increase, the negative spin density in the interstitial region gradually increases from the center of the Nw to the terminal row. As discussed in Sec. (III C 1), this leads to reduced magnetic moment in PR-4 structure in comparison with RT-4 structure, which exhibits negative spin densities only on the terminal row atoms.
Magnetic anistropy energy
Besides a qualitative understanding of the changes in the magnetic moments as the number of rows is increased, we are interested in knowing the preferred spin orientations in these nanowires from an applications perspective. At reduced dimensions, the asymmetry in the structure has a significant contribution to the shape anisotropy along with the magnetocrystalline anisotropy. The magnetic shape anisotropy was determined from the classical magnetic dipole interaction between the magnetic moments in the system. Figure 4 shows the magnetic dipolar interaction energy along the Cartesian axes. One dimensional linear nanowire has the lowest energy when the magnetic moments are aligned along the wire directions. The magnetic moments along the perpendicular direction to the wire plane are unstable, as the dipolar energy is positive. This is in agreement with earlier work.
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The magnetic dipolar energy of the medium axis reduces with increasing number of rows in the nanowires, but is still higher than that of the easy axis of rotation. All nanowires have the hard axis aligned perpendicular to the wire plane and the magnetic dipolar energy of the hard axis increases as the number of rows in the nanowires are increased.
The magnetic shape anisotropy ε d for Ni NW's is shown in Fig. 5 . The shape anisotropy energy K MSA energy K s 2 decreases from linear nanowire to double row rectangular/parallelogram structure, however, for higher number of rows, the value of MSA is enhanced. This indicates that, as the nanostrip becomes thicker, the magnetic moments are unlikely to orient in theẑ direction due to an increase in the shape anisotropy energy. The magnetic anisotropy energy (MAE) has another contribution from magnetocrystalline anisotropy (MCA), which originates from the spin orbit coupling in the system. Our calculations show that, the MCA energy is about 200 times larger than the shape anisotropy energy, and hence has a strong impact on the total magnetic anisotropy energy. MCA for parallelogram and rectangular Nws is plotted in Fig. 6 . It is interesting to see that K c 1 for parallelogram structures is found to decrease as the number of rows is increased in the Nw. However, for rectangular structures, K c 1 reduces from RT-1 to RT-2 Nw, but, further increase in the number of rows increases the MCA. This behavior of magneto-crystalline anisotropy energy is qualitatively similar to that of the net magnetization (Fig. 3) , as the number of rows is increased. K c 2 for parallelogram and rectangular nanowires has a higher MCA than K c 1 of respective nanowires, implying it is energetically expensive to have magnetic moments directed in vacuum along the z direction. As the number of rows (i.e., thickness) of the parallelogram Nws increase, the energy required to rotate the easy magnetization axis is reduced and converges to 0.1 meV/atom for the (111) film. For (100) film, due to rotational invariance at 90
• in the film plane, we observe that the axial magnetization is isotropic in the XY -plane (K c 1 =K c 2 =0.9 meV/atom). However, the hard axis remains perpendicular to the plane.
The total magnetic anisotropy energy (MAE) is plotted in Fig. 7 . The MAE (K 1 and K 2 ) is dominated mainly by K fer to magnetize along the wire axis, in agreement with earlier results.
1,50 However, our result for PR-1 Nw is in contradiction with the reported results 1 as we observe that the easy axis of magnetization points along the wire direction and not perpendicular to the wire direction. Our calculations show that, in rectangular and parallelogram nanowires, the easy axis is along the wire direction, except for the magic structure "RT-2", where, the easy axis is perpendicular to the wire direction and in the geometrical XY -plane of the structure. We mention that, in case of RT-2 structure, although the magnetic dipolar energy shows the preferred magnetization along the wire direction, the energy due to interaction between spin and orbital motion of electrons has a much stronger contribution in the MAE, which leads to the magnetization axis being perpendicular to the wire axis.
In general, we observe that the axial MAE, K 1 is always larger than K 2 , in all the nanowires. Thus, the external energy required to rotate the magnetization axis perpendicular to the plane is much higher than the energy required to rotate in the plane but perpendicular to the wire axis.
Ballistic anisotropic magnetoresistance (BAMR)
The MAE also has a significant effect on the ballistic transport in the nanostrips. The ballistic conductance is influenced by spin orbit coupling and exhibits anisotropy with the magnetization direction. 54 There is a change in the ballistic conductance when the magnetization direction changes with respect to the current direction as the number of bands crossing the Fermi level changes due to the spin orbit coupling interaction. 34 We have investigated the size dependence of BAM R in parallelo- B  1  14  14  ----2  --0  0  0  0  3  ---25  -25  17  0  4  --9  29  0  0  5  --0  27  19  19  6  --0  13  9  9 gram and rectangular nanostrips with increasing number of rows. We have calculated the BAM R when the magnetization direction is parallel toŷ and parallel toẑ and list these results in Table- IV. Our result on BAM R in linear wire is in agreement with the results of Sokolov et al. 54 and Velev et al. 34 In addition, we find that for the magnetization direction M ŷ and M ẑ, the number of conduction channels are identical, thus giving the same BAM R ratio in both the cases. In general, the Ni nanostrips exhibit a nonlinear behavior in BAM R with increasing widths. The nanostrips exhibit finite size fluctuations in BAM R. The double row structures exhibit no change in conductance with change in magnetization directions. PR-2 is the only structure with a negative BAM R. In rectangular NWs, the BAM R with M ŷ and M ẑ are identical except for the RT-2 structure, which has zero BAM R with M ẑ. In rectangular Nws, the magnetization direction does not affect the conductance properties as strongly as in the parallelogram shaped wires, where the BAM R ratio is sensitive to the in plane and out of plane perpendicular orientation of the magnetization field.
Stoner's criterion in Ni Nws
The magnetism in 3d transition metals such as Ni and Co is explained on the basis of theory of itinerant electrons. 55, 56 Our spin DFT results for Ni Nws have the ferromagnetic ground states to be lower in energy than antiferromagnetic and non magnetic states.
We have analyzed the appearance of magnetic ground state using Stoner's model. 55, [57] [58] [59] The product I · n o E F is plotted for Ni Nws, monolayer films (Ni (111) and Ni (100)) in Fig. 8 and the values of the exchange splitting and normalized DOS are listed in Table- V for comparison. The dotted horizontal line in Fig. 8 shows the product I · n o E F = 1, which is the demarking value for ferromagnetic behavior. The value of the product I · n o E F depends on the Stoner integral which is derived from the exchange splitting in the ferromagnetic (or antiferromagnetic) system. It has been shown that, the Stoner parameter (I) does not depend on the atomic arrangement in the system. 57 However it can be seen from Table-V, the Stoner parameter is sensitive to the dimensions of the system. In general, the Stoner parameter for rectangular nanowires exhibits larger values than that of the parallelogram nanowires, when compared for the respective number of rows. The value of I for (111) and (100) monolayer film is small than that of the bulk Ni (I · n o E F = 1.91). Our calculation of the Stoner criterion in bulk Ni is in agreement with the previous results.
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The coupling between the first nearest neighbors in infinite Ni atomic chain (J 01 > 0) indicates that, the noncollinear magnetic alignment is not stable, 61 however in small finite zigzag Ni chains, noncollinear magnetic ground states have been observed. 27 Our spin spiral relativistic calculations are in agreement with the results on infinite chains. The strong magnetic anisostropy energy in comparison with the exchange splitting energy enforces the magnetic moments in the infinite Ni nanowires to orient in ferromagnetic order.
iThe least stable linear Nw has the product I · n nanowires exhibit ferromagnetic behavior along with Ni (100) monolayer.
Existence of magnetically dead layers of Ni when deposited on non-magnetic substrates viz., Cu, Al and Pd has been described earlier, 10, 46, 49, [63] [64] [65] [66] when the number of atomic layers is less than 3 or 4. However, our calculations for freestanding monolayers show that, the systems retains ferromagnetism when not interacting with any substrate. This result points out the role of hybridization of the nonmagnetic substrate atoms in contact with the film/slabs. The previous results show that, in case of pure Ni surfaces, magnetically dead layers are not observed, however, the surface layers show enhanced magnetic moments. [67] [68] [69] In analogy with this, our results for Ni nanowires demonstrate that, the 2D Ni Nws exhibit enhanced magnetic moments than that of bulk, and show an absence of dead layers.
The ferromagnetic strength calculated from Stoner's criterion (Table-V) is larger for Ni Nws in comparison with the bulk Ni. In addition, as discussed in Sec. (III C 1), the magnetic moments in Ni Nws are enhanced than that of bulk. These two properties can be correlated with the enhanced magnetic anisotropy energy (III C 2) for Ni Nws in comparison with the bulk. The large magnetic anisotropy energy in Ni Nws in comparison with the bulk, forces the magnetic moments to couple ferromagnetically and requires high energy to fluctuate /decouple the neighboring magnetic moments from the stable ferromagnetic alignment. This is in agreement with the Mermin-Wagner's theorem, that 2D Ni Nws can show ferromagnetic ground state, because these Nws do not show isotropic Heisenberg interaction, instead they show for Ni Nws, monolayer films (Ni (111) and Ni (100)), and bulk, respectively. very large energy differences for different orientations of the magnetic moments.
IV. CONCLUSION
We have performed systematic investigations on infinite length, nickel nanowire structures of increasing widths. Our investigations show that the parallelogram structure is the most stable Nw geometry. Rectangular Nws have a lower stability in comparison with structures that incorporate parallelogram motifs in their geometry. The stability of the parallelogram motif is due to the increased coordination of atoms and due to contributions from p electrons. In a particular geometrical structure, Nws of higher widths have a higher stability. Our studies on the conductance behavior of the Ni Nws show that more stable structures have a lower conductance as compared to the less stable structures. All rectangular nanowires have higher spin dependent conductance than the stable parallelogram nanowires. In any geometry, the number of spin down conductance channels is more than the spin up conductance channels and the number of spin down conduction channels increases substantially with increasing widths of the Nws.
The parallelogram and rectangular Nws have different magnetic behaviors with increasing widths. Except for the RT-2 structure, the magnetic moments of the Nws are enhanced as compared with the bulk and single layered (111) and (100) films. While magnetization decreases with small fluctuations in parallelogram Nws towards their (111) monolayer limit, in rectangular Nws, it initially decreases with RT-2 having the smallest magnetic moment and then increases. RT-2 exhibits a magnetic anomaly with a smaller magnetic moment in comparison with all other higher coordination rectangular NWs as well as Ni (100) monolayer. This behavior is contrary to the observation that magnetic moments decrease as the coordination of atoms increases. It is not clear from the small widths investigated here, how the magnetic moments in rectangular wires converge to their (100) monolayer value and further investigations are required to understand this.
The decrease in magnetization values in parallelogram Nws is on account of the negative polarization of s and p orbitals, that decreases the spin imbalance due to d electrons. In rectangular Nws, the RT-2 is the only wire that has small negative s and p polarization, as compared to all other rectangular wires which exhibit only negative p polarization. The magnetic anisotropy energy K 1 is lower than K 2 in all the Nws. The MAE decreases with increasing width of parallelogram nanowires, and for rectangular nanowires MAE increases with increasing widths. The easy axis of magnetization is found to be along the periodic direction of the wire, except for RT-2 structure, where it is perpendicular. RT-2 Nw exhibits an anomalous behavior in all magnetic aspects as compared with the other rectangular Nws and hence it is a magic structure. The BAM R ratio has a non-linear behavior with increasing widths and is sensitive to the magnetization orientation in parallelogram shaped nanostrips.
All the nickel nanowires investigated exhibit a ferromagnetic behavior based on the Stoner criterion including (111) and (100) monolayer. We see that the exchange splitting depends significantly on the geometrical structure of the nanowire. The rectangular shaped nanowires exhibit enhanced Stoner exchange parameter than those of parallelogram nanowires. The RT-3 structure exhibits the highest Stoner product amongst all Nws investigated.
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